Over the past two decades, there has been an enormous effort to understand, control, and use the relationship between the morphology of nanomaterials and their physical and chemical properties. [1, 2] Indeed, a great deal of effort has focused on controlling the size, shape, and composition of nanostructures. However, equally important is the surface chemistry of such structures, especially when one considers that the ratio of surface to bulk atoms is much higher than that in micro-or macroscopic systems. For example, the surface plasmon resonances (SPRs) of nanoparticles are highly dependent upon the dielectric medium that surrounds them, including adlayers of molecules and solvent. [3, 4] Catalytic activity of a nanoparticle is also highly dependent upon adsorbate. [5, 6] Indeed, the development of ways to control the structure and chemical functionalization of a nanoparticle surface is a major area of research, and has led to the discovery of new properties and applications for this important class of materials. [7] In the case of isotropic metal nanoparticles, functionalization has led to a variety of exciting scientific insights and applications, including the use of nanoparticles for spectroscopic labels, [8] gene-regulation agents, [9] and ultrasensitive biodiagnostic tools. [10] In general, less has been done with anisotropic structures, but there have been some important observations and advances made for nanorod and nanoshell structures. [11] [12] [13] [14] For example, Gole and Murphy have reported that gold nanorods functionalized with biotin-disulfide will assemble in an end-to-end manner when interconnecting streptavidin proteins are added to a colloid containing them. The authors concluded that such assembly behavior was indicative of endselective functionalization. [12] Mann and co-workers described a similar example with oligonucleotide-modified nanorods, but in contrast with the Murphy system, they observe sheetlike assembly of nanorods along their long axes. [11] These results present a challenge to both understand and establish control over the face-selective functionalization of anisotropic nanoparticles.
An ideal system to address this challenge is an anisotropic nanoparticle that can be made in high yield, which is composed of a metal with well-known surface chemistry, exhibits strong, architecture-and environment-sensitive optical features, and has well-defined crystallographic facets. Recently, we and others have developed methods for synthesizing triangular prisms, made of gold or silver, that exhibit these characteristics. [15] [16] [17] [18] Nanoprisms of this type are generally single crystals, in some cases twinned, with broad, atomically flat triangular {111} faces, and high energy side crystal facets. Because of their well-defined structures, these prisms are an excellent model system to study processes that involve the face-selective functionalization of nanoparticles. Herein, we present a study aimed at determining the factors that allow one to adsorb alkylthiol-modified oligonucleotides on different facets of an anisotropic gold nanoparticle. To accomplish this goal, face-selective DNA ligand adsorption processes have been studied quantitatively and used to control the selective immobilization of DNA on the edges of the particle, which is confirmed by direct chemical analysis [using electron energy loss spectroscopy (EELS) mapping] and indirectly by subsequent DNA-induced assembly events.
In this work, triangular Au nanoprisms (140 AE 20 nm edge length, 7.5 AE 0.5 nm thick) were synthesized and purified using literature methods. [19] To effect surface modification 3 0 -alkylthiolated single-stranded DNA (HS-ssDNA) was added to a solution of nanoprisms, and the salt concentration of the solution was raised to 0.15 M NaCl, 0.01 M phosphates in the presence of surfactant (0.01% sodium dodecyl sulfate) over the course of 3 h (see Experimental Section). To confirm that DNA was immobilized on the nanoprism surface, two separate batches of nanoprisms were functionalized with HS-ssDNA sequences that were complementary. The two solutions of DNA-modified nanoprisms were washed separately to remove excess DNA (see Experimental Section) and then combined and characterized by UV-Vis-NIR spectroscopy ( Figure 1A) . [20] Dehybridization of the assembled DNA-Au nanoprism conjugates occurred over a very narrow temperature range, with a melting temperature, T m , of 60.1 8C (determined by taking the first-derivative of the melting curve and measuring the full width of the peak at half its maximum, FWHM ¼ 2.4 8C, Figure 1A inset ). This sharp melting behavior has been observed previously for pseudospherical nanoparticles functionalized with DNA [20] [21] [22] and is a diagnostic feature of particles that are densely functionalized with DNA. The melting of the Au nanoprisms was monitored at 1250 nm, which corresponds to the dipole SPR of the Au nanoprisms and indicates that the melting transition is associated with the dehybridization of nanoprisms interconnected by DNA.
Transmission electron microscopy (TEM) images of nanoprisms that were taken after melting show that the nanoprism morphology is unaffected by either the functionalization or melting procedures ( Figure 1B) . These results are confirmed by UV-Vis-NIR spectroscopy ( Figure 1C ) where hybridized gold nanoprisms (dashed line) and the same nanoprism mixture after dehybridization by melting (black line), both exhibit the dipole (1250 nm) and quadrupole (800 nm) SPRs indicative of Au nanoprisms. [18] The observation that the nanoprism shape is maintained throughout these processes is significant, because surface reorganization at the high-energy vertices and edges has been observed previously for structures containing high-energy surface sites. [23, 24] The amount of DNA on the nanoprism surface was characterized in order to gain insight into the density of the DNA on the surface and, therefore, the extent of adsorption. If one uses simple geometry and assumes a flat surface on each of the nanoprism facets with a DNA-footprint of 15 nm 2 , [24] approximately 1200 HS-ssDNA molecules could adsorb per nanoprism, for a prism with 130 nm edge length and 7.5 nm thickness. To determine these loading values experimentally, we have developed a method that is complementary to our previous approach for pseudo-spherical particles, [25] but which takes into consideration the size distribution inherent in the nanoprism solutions. Because of the variation of particle extinction coefficients with particle size, this method uses inductively coupled plasma-mass spectrometry (ICP-MS), instead of UV-Vis extinction, to determine Au nanoprism concentration. [3] In a typical experiment, an aliquot of DNAfunctionalized nanoprisms was centrifuged three times in washing buffer to remove excess DNA (3 min at 8,000 rpm, see Supporting Information). The supernatant was then removed and the pellet was resuspended in 20 mL of KCN (0.1 M) for 1 h in order to dissolve the Au and release the alkylthiolated DNA. An aliquot of this dissolved pellet was then analyzed by ICP-MS to determine gold concentration, and also analyzed by fluorescence using the Oligreen TM assay (Invitrogen, Inc.) to determine HS-ssDNA concentration. From these values the average surface coverage of DNA per nanoprism could be obtained (Table 1) . Importantly, with a good histogram of prism edge lengths taken from TEM analysis of a large prism population, we can estimate the number of oligonucleotides for a given prism size (Supporting Information). Using this approach, we determined that nanoprisms with 130 nm edge lengths contain approximately 1550 DNA strands per prism on average, a value larger ($19.3%) than the predicted value based on a 15 nm 2 DNA footprint. [26] This larger loading value is most likely due to the fact that the theoretical calculation does not take into consideration the portion of the prism at the edge between the side and triangular facets, the truncated and hexagonal nanoprisms in solution, and the effective curvature at those sites.
Interestingly, prisms reach their maximum loading after 24 h in excess HS-ssDNA and buffer for a constant ratio of nanoprisms to excess DNA concentrations. However, data obtained earlier in the functionalization procedure, for example, after only 1 h in excess DNA/buffer, show markedly lower loading values (Table 1) . Therefore, the timescale of HS-ssDNA adsorption on the nanoprism surface was investigated and compared to the adsorption of HS-ssDNA on CTAB-stabilized 80 nm Au pseudo-spherical nanoparticles which have a surface area per particle on the order of an average nanoprism: 20 106 nm 2 for an 80 nm spherical nanoparticle versus 22,860 nm 2 for a 150 nm edge length triangular nanoprism; 17 560 nm 2 for a 130 nm edge length triangular nanoprism (Figure 2) . Interestingly, HS-ssDNA adsorption onto the nanoprism surface shows markedly different time dependence than that of the pseudo-spherical AuNP controls. These data suggest that it takes over 12 h to approach the theoretical HS-ssDNA loading maximum for Au nanoprisms, whereas maximum loading is achieved on pseudospherical NPs after only 6 h. We hypothesized that the slower Table 1 . DNA loading on triangular Au nanoprisms and pseudo-spherical Au nanoparticles. Calculations are based on a 15 nm 2 footprint for the DNA molecule on the gold nanoprisms surface and a 13 nm 2 footprint for the 80 nm nanoparticles; these footprints account for the differences in surface curvature between the two structures and are based on literature values. [24, 25] Loading at 1 h observed adsorption may be a result of nanoparticle shape. The top triangular faces of the nanoprisms are {111}, and the side facet is a high-energy crystal facet that likely contains at least one twin plane. [19] The difference in surface energy of these two crystal faces may result in faster exchange at the higher-energy side crystal facet. [27] This property could then allow one to siteselectively functionalize Au nanoprism structures.
To test this hypothesis, the location of DNA on the nanoprism surface was characterized at different functionalization time points. However, because nanoprisms are smaller than the wavelengths of visible light, optical microscopy-based techniques such as fluorescence could not provide the spatial resolution necessary to determine DNA location. We therefore first used TEM and asymmetrically functionalized AuNPs (AsyNPs) [28] to investigate the location of DNA on the nanoprism surface. Here, the pseudo-spherical AsyNPs are functionalized on one hemisphere with HS-ssDNA that is complementary to the DNA on the nanoprism, as well as another type of DNA on the hemisphere that is not complementary. [28] This asymmetric-functionalization allows one to use the AsyNPs as EM probes for HS-ssDNA on the nanoprism surface without inducing large scale, DNA-driven aggregation ( Figure 3A-C) . In a typical experiment, nanoprisms that have been functionalized with HS-ssDNA are removed from such modification solutions by centrifugation (after 4, 12, and 24 h of modification), washed, and combined with the AsyNP probes (Figure 3) . At early functionalization time points, the probes bind only to the nanoprism side crystal facets. However, as functionalization time increases, more probes are observed on the nanoprism {111} broad, triangular faces. After 24 h, AsyNP probes can be observed coating the entire nanoprism surface. Additionally, EELS was used to determine the presence of phosphorous from both the center and sides of a single nanoprism structure (here phosphorous indicates the presence of DNA from the phosphodiester linkages of the DNA backbone). Results of this analysis indicate that, indeed, the side facets of the nanoprisms contain more DNA (as indicated by phosphorous EELS signal intensity) than the center of the nanoprism at short time points ( Figure 3D) .
The ligand functionalization pattern observed in these experiments seems to be one in which DNA adsorbs to the side facets of the nanoprism surface first, slowly functionalizes the outer top surface, and finally the entire prism. This model is consistent with ligand adsorption theories proposed by Murray and co-workers who demonstrated that thiolated-ligand exchange on Au nanoparticles occurs fastest at crystal defect sites, and ligands adsorbed at these locations then migrate onto uniform crystal surfaces. [27] This theory is consistent with the observation that AuNP probes bind preferentially to the sides of the nanoprisms initially (where the number of edges and vertices is highest) and then slowly move from the edge to the center (Figure 3 ). The experiments with AsyNP probes also show that selectively functionalized prisms can be isolated at different time points. These site-selectively functionalized nanoprisms then represent powerful building blocks for nanoscale assemblies, with a type of valency that should allow for the use of multiple types of DNA links in a highly directional particle assembly scheme. [29] Taken together, these results represent three advances for anisotropic colloidal nanoparticles. First, Au nanoprisms capped by CTAB can be fully functionalized with an alkylthiolated-DNA moiety, and the ligand-nanoprism conjugate is stable throughout DNA-based melting transitions. Second, DNA-functionalized anisotropic materials can exhibit cooperative melting behavior, similar to their isotropic counterparts. Finally, the inherent anisotropy of surface energetics in anisotropic colloidal particles can be exploited to achieve selective functionalization of the particle surface which has implications in fields ranging from materials design to catalysis. 
Experimental Section
Preparation of functionalization buffers: All buffers were prepared using nuclease-free water and molecular biology grade chemicals obtained from Sigma-Aldrich, Inc. To adjust salt conditions in the DNA-nanoprism solutions, a variety of buffer solutions were prepared: a phosphate adjustment buffer (PB, . The HS-ssDNA solution was purified from DTT using a desalting column (Nap-5, DNA grade, GE Healthcare). Au nanoprisms were purified from their reaction mixture by centrifugation (twice at 3 min at 8000 RPM, Eppendorf 5145D centrifuge) and resuspended in NANOpure TM , nucleasefree water prior to functionalization (N.B. Au nanoprisms should not be stored in pure water for extended periods). The nanoprisms were functionalized by using modifications of literature procedures. [24] Briefly, 1.2 OD 260 (3.65 mM) of purified HS-ssDNA was added to 1.0 OD 1250 of Au nanoprisms and allowed to react while shaking (1100 rpm, 22 -C) for 30 min using an Eppendorf Thermomixer. The salt concentration of the solution was then increased (0.15 M NaCl, 0.01 M phosphates) in the presence of surfactant (0.01% sodium dodecyl sulfate) over a period of 2.5 h. Phosphate, surfactant, and NaCl concentrations were adjusted using stock solutions made from nuclease-free water and reagents (vide supra) where the phosphate and surfactant concentrations were adjusted first, and the total necessary volume of stock NaCl solution was divided into three aliquots, and each aliquot was added to the solution sequentially with 30 min between each addition. After the last salt addition, the solution was allowed to mix for an additional 30 min, at which point DNA adsorption to the nanoprism surface was monitored and marked as t 0 . Hybridization and melting experiments: To prepare DNAnanoprism conjugates for hybridization and melting experiments, the conjugates were first washed in order to remove excess, unbound DNA from solution. To wash, the mixture was centrifuged for 3 min at 8000 rpm (Eppendorf Model 5145D), the supernatant removed, and the pellet resuspended in washing buffer. This process was repeated three times. After the supernatant had been removed the third time, the pellet was resuspended in hybridization/melting buffer and combined with a DNA-nanoprism conjugate that contained a complementary DNA strand (prepared using the same washing procedure). DNA-nanoprism conjugates were hybridized using a 1:1 ratio of complementary-DNA functionalized nanoprisms as measured by OD 1250 . Melting profiles were obtained by heating the mixture from 25 to 75 -C at a rate of 0.25 -C min S1 using a Varian Cary 5000 Peltier temperature control system, while stirring.
Determining DNA loading on Au nanoprisms: To determine the number of oligonucleotides conjugated to the nanoprism surface, a two step method was used wherein the number of DNA strands were measured using a commercially available ssDNA quantification assay, and the Au nanoprism concentration was determined using ICP-MS. First, DNA-nanoprism conjugates were prepared and washed to remove excess and loosely bound DNA from solution. To wash the nanoprisms, the solution was centrifuged at 8000 rpm for 3 min (Eppendorf 5145D centrifuge) and the supernatant was removed. The pellet was resuspended in washing buffer, and this washing procedure was repeated four additional times. After the supernatant was removed the fifth time, the pellet was resuspended in 20 mL of 0.1 M aqueous solution of KCN and allowed to sit on the benchtop for 1 h. This process dissolves the Au nanoprism, but does not degrade the ssDNA. The resulting solution was then analyzed using the Quant-It ssDNA Assay with Oligreen 1 fluorophore (Invitrogen, Inc.) to determine the total number of DNA strands in solution, following the manufacturer protocol. Fluorescence was analyzed using a fluorescent plate reader (Photal Otsuka Electronics FluoDia T70, with excitation at 480 nm and emission at 520 nm). Following this procedure, a 50 mmL aliquot of the Oligreenanalyzed sample was prepared for analysis by ICP-MS to determine the number of Au atoms. Briefly, an Au standard curve was prepared with values 1, 2, 5, 10, 25, 50, and 100 ppb Au in a matrix of 3% HNO 3 (TraceUltra, Sigma-Aldrich) and 1 ppb In, as an internal standard. This matrix was also used to prepare the unknown Au samples. The number of gold atoms obtained by ICP-MS was converted into number of nanoprisms by using the relative frequency of nanoprism edge lengths (determined from a statistical analysis of nanoprism edge length as determined by TEM), the unit cell values of Au (a ¼ 0.4080 nm, 4 atoms per cell, V unit cell ¼ 0.0679 nm 3 ) and the geometry of the nanoprism. This method allowed a more accurate determination of nanoprism concentration in solution which was critical to obtaining reproducible DNA loading values. With the concentration of nanoprisms and oligonucleotides in hand, the number of oligonucleotides per nanoprism was calculated.
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